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large data sets will allow computational methods to be
applied to developmental model systems to identify not
only sets of coexpressed genes, but also cis-regulatory
Tong-Ruei Li and Kevin P. White*
Department of Genetics
Yale University School of Medicine
motifs and potentially cognate regulatory factors. SuchNew Haven, Connecticut 06520
advances would set the stage for systematic ap-
proaches to building genome-wide regulatory networks
in metazoans.Summary
Here we use the process of metamorphosis, an exam-
ple of hormonal and genetic control of developmentalDuring insect metamorphosis, each tissue displays a
timing, to illustrate that gene expression data collectedunique physiological and morphological response to
in a directed manner on a sufficient scale can be usedthe steroid hormone 20-hydroxyecdysone (ecdysone).
to characterize tissue-specific developmental eventsWe assayed gene expression in five tissues during
and to establish new regulatory connections within ametamorphosis onset. Larval-specific tissues display
network and new connections between known regula-major changes in genome-wide expression profiles,
tory pathways. Metamorphosis is controlled by the ste-whereas tissues that survive into adulthood display
roid hormone 20-hydroxyecdysone (ecdysone), whichfew changes. In one larval tissue, the salivary gland, we
elicits different morphological and physiological re-used a computational approach to identify a regulatory
sponses in different tissues (Riddiford, 1993). Ecdysonemotif and a cognate transcription factor involved in
acts through a canonical nuclear receptor complex com-regulating a set of coexpressed genes. During the
posed of the EcR/USP heterodimer. Ecdysone receptormetamorphosis of another tissue, the midgut, genes
(EcR) binds directly to ecdysone via a conserved ligandencoding factors from the hedgehog, Notch, EGF, dpp,
binding domain (Koelle et al., 1991; Yao et al., 1992).and wingless pathways are activated by the ecdysone
USP is the Drosophila ortholog of RXR, which acts asregulatory network. Mutation of the ecdysone receptor
a general heterodimerization partner for the class ofabolishes their induction. Cell cycle genes are also
factors represented by EcR (Oro et al., 1990). At the endactivated during the initiation of midgut metamorpho-
of the third larval instar, ecdysone triggers metamor-sis, and they are also dependent on ecdysone signal-
phosis by directly activating a transcriptional cascadeing. These results establish multiple new connections
that includes a small set of early response genes, manybetween the ecdysone regulatory network and other
of which encode transcription factors. These early-well-studied regulatory networks.
induced transcription factors then regulate a large set
of “effector” genes, only few of which have known pat-Introduction
terns of expression in the various metamorphosing tis-
sues (Thummel, 1996). This transcriptional cascade isThe Drosophila genome contains over 13,000 genes (Ad-
thought to lead to tissue-specific genomic responsesams et al., 2000). The expression of a subset of these
during the animal’s transition from larva into prepupa,genes underlies the development of each tissue or or-
beginning the process of complete transformation intogan. Previous microarray studies in Drosophila using
an adult. However, little is known about the numberswhole animals have demonstrated that periods of rapid
and identities of target genes in different tissues, ormorphological change such as embryogenesis and
the extent to which the ecdysone regulatory cascademetamorphosis are associated with large-scale gene
intersects with other pathways in each tissue.
expression changes (Arbeitman et al., 2002; White et
We examined developmental patterns of gene expres-
al., 1999). For hundreds of genes, these studies have
sion from five different tissues and organs: central ner-
allowed accurate predictions to be made about their vous system (CNS), wing imaginal disc (WD), larval epi-
tissue-specific expression patterns. Mutations that elim- dermis and attached connective tissue (ED), midgut
inate or produce an excess of particular cell types or (MG), and salivary gland (SG), during late larval and early
tissues have also been used to identify many tissue- prepupal development when ecdysone triggers meta-
specific genes (Arbeitman et al., 2002; Egger et al., 2002; morphosis. At these stages of development, the five
Furlong et al., 2001). Additionally, by using microarrays tissues display very different morphological and physio-
with approximately one third of the predicted genes in logical responses to ecdysone. The wing imaginal disc
the genome, transcript differences have been identified responds to the hormone by initiating evagination, or
between tissues in Drosophila by directly comparing unfolding, as it changes from a compact epithelial bi-
them at one developmental stage (Klebes et al., 2002). layer to an extended appendage. The salivary glands
A first step toward determining all of the factors involved secrete glue proteins that are used to immobilize the
in the development of each tissue is indeed to catalog puparium during metamorphosis. The cuticle attached
gene expression patterns. However, it will also be neces- to the larval epidermis undergoes a process of harden-
sary to determine how these patterns change during the ing and tanning to form the pupal case. The central
course of specific developmental events. Furthermore, nervous system (CNS) displays little morphological
it will be important to determine whether the resulting change during the late third instar ecdysone pulse, but
the animal displays changes in behavior and in neurose-
cretory status. The two major types of cells in the larval*Correspondence: kevin.white@yale.edu
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Figure 1. Tissue- and Organ-Specific Gene
Expression
(A) Midgut (MG, blue), salivary gland (SG, red),
epidermis with attached muscle (ED, purple),
central nervous system (CNS, gray), and wing
disc (WD, green).
(B) Genes with transcripts enriched in each
tissue/organ. Black, numbers of genes en-
riched in only one tissue; gray, numbers of
genes enriched in multiple tissues.
(C) Expression profiles of 1,831 genes with
enriched transcripts in at least one tissue at
18 hr before puparium formation (BPF).
Genes were arranged using an algorithm for
hierarchical clustering with optimal leaf or-
dering (Bar-Joseph et al., 2001; Eisen et al.,
1998). Yellow, high levels of expression in
each tissue relative to whole animal; blue, low
levels. Gray, missing data.
(D) Functional categories of genes enriched
in each tissue. The degree of color reflects
the relative bias in representation for each
category in each tissue (the ratio of the ob-
served percentage of a given functional cate-
gory of genes to its percentage genome
wide). For the Chi-squared analysis, we
based the expected value on the total number
of genes in the genome in each class
multiplied by the fraction of the genes in the
genome expressed in each tissue. Yellow,
overrepresentation; blue, underrepresenta-
tion; white, equal expected and observed
(Chi-squared analysis, *p  0.05; **p  0.01;
***p  0.001).
midgut, larval epidermal cells and adult epidermal pro- Results
genitor cells (midgut imaginal islands), respond in oppo-
site ways to ecdysone. The larval epidermal cells initiate Identification of Transcripts Enriched in Different
Tissues and Organsthe process of programmed cell death, while the imagi-
nal cells proliferate and form the adult midgut. Delineating networks on a genome-wide scale requires
a catalog of gene expression patterns in each tissue orThese diverse responses to a single hormone offer
an opportunity to study tissue-specific genomic activity organ. Of particular interest are those genes that have
high levels of expression in only certain tissues or timesduring a developmental process that is coordinately
regulated throughout the animal. We define the com- during development. We isolated five different organs
and tissues from the Drosophila melanogaster Canton-Splements of genes expressed during the process of
metamorphosis in specific tissues. We show that com- strain (Figure 1A). Samples were collected in triplicate
approximately 18 hr before puparium formation (BPF),putational analysis of genome-wide gene expression
patterns can facilitate the identification of cis-regulatory when larvae are at the end of their feeding and growing
phase but have not yet begun metamorphosis (Riddi-elements and a cognate transcription factor. We also
show that the network that controls metamorphosis can ford, 1993). We compared RNA isolated from each organ
or tissue to a common reference RNA sample takenbe extended beyond the ecdysone-regulatory cascade
to include components of other well-studied signaling from identically staged whole animals. The use of a linear
amplification protocol enabled small amounts of samplepathways.
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to be analyzed (see Supplemental Figure S1 at http:// assaying the majority of the predicted genes in the ge-
nome, these results supply a near-comprehensive cata-www.developmentalcell.com/cgi/content/full/5/1/59/
log of genes that are highly enriched in each tissue asDC1; Baugh et al., 2001). Using DNA microarrays that
compared to all others. These initial results also give acontained 13,061 (95%) of the predicted genes in the
global overview of the classes of tissue-enriched genes,genome (see Experimental Procedures), we determined
which serves as a starting point for further analyses.the set of transcripts that is highly enriched in each
differentiated larval tissue type, and found hundreds of
genes in each. Differential Gene Expression in Tissues and
Organs at the Beginning of MetamorphosisWe identified 342 midgut-, 304 salivary gland-, 241
We next determined the extent of tissue-specific changeepidermis-, 546 CNS-, and 468 wing disc-enriched tran-
in genomic activity during the onset of metamorphosis.scripts that show high levels of expression relative to
Previous studies with whole animals estimated that atwhole animals (Figure 1B; gene list in Supplemental Ta-
least 10% of the genes in the genome are differentiallyble S1; see Experimental Procedures). The numbers of
regulated during metamorphosis onset in the Canton-Senriched transcripts from each larval tissue or organ
strain (White et al., 1999; Arbeitman et al., 2002; Rifkincorresponded to 1.8%–3.4% of the total number of pre-
et al., 2003). In those studies, many tissue-specificdicted genes in the genome (Adams et al., 2000). Genes
changes could be obscured by transcripts that do notexpected to be enriched in each tissue were observed.
exhibit change in other tissues, or that are undetectableFor example, transcripts from the vestigial and wingless
because of low expression levels in a tissue of interestgenes were enriched in wing discs, transcripts from
relative to the total transcript population. We measuredgenes such as glial cells missing and asense were en-
gene expression changes in the five tissues and organsriched in the CNS, and transcripts from sgs and ng glue
at 18 hr BPF and at puparium formation (PF). PF corre-genes were enriched in salivary glands. Hierarchical
sponds to the peak of the endogenous late larval pulseclustering of the data revealed that each organ is en-
of the ecdysone (Riddiford, 1993). Because we wereriched for a remarkably distinct set of genes; most tran-
concerned only with genes that were developmentallyscripts that are significantly enriched in one tissue are
regulated within the context of each individual tissue,not significantly enriched in other tissues (Figure 1C).
we directly compared transcript levels in each tissueWe found 255, 189, 313, 374, and 289 genes that were
between the two developmental stages.specifically enriched in the salivary glands, epidermis,
Transcript levels for 2,268 genes, approximately 17%midgut, CNS, and wing disc, respectively (“uniquely en-
genome wide, changed significantly in at least one ofriched” in Figure 1B; gene list in Supplemental Table
these five tissues during the developmental transitionS1). However, as is evident in Figure 1C, the larval CNS
from larva to PF, when the late third instar pulse ofand wing disc share a large set of enriched transcripts.
ecdysone initiates metamorphosis (see ExperimentalTo determine whether each tissue has biased tran-
Procedures). The larval-specific tissues showed the
script enrichment for particular functional classes of
most dramatic response (MG, 745 genes; SG, 1,008
genes, we used the gene ontology (GO) categorical as-
genes; ED, 848 genes), while wing disc and CNS, respec-
signments of genes (Ashburner et al., 2000). We de-
tively, contained only 101 and 61 transcripts that either
tected tissue enrichment biases for transcripts from sev- increased or decreased significantly (Figure 2A; Supple-
eral categories of genes (Figure 1D). For example, genes mental Table S3). A remarkably large proportion of tran-
encoding small molecule transporters and peptidases scripts changed uniquely in each particular tissue (Fig-
were significantly enriched in the midgut and depleted ure 2B). Of the 1,060 total genes with transcripts that
in the CNS and wing disc, demonstrating selective ex- showed an increase from 18 hr BPF to PF, only 246
pression of effector genes involved in digestive func- were shared between at least two tissues. Likewise, of
tions (Figure 1D); there are twice the number of trans- the 1,208 total genes with transcripts that decreased
porters and 4.5 times the number of peptidases during metamorphosis onset in these tissues, only 137
expected in the set of 342 midgut-enriched transcripts were shared between two or more tissues. Only a small
(Chi-squared, p  0.001; Supplemental Table S2). Tran- fraction (68/2,268) of transcripts showed divergent ex-
scripts encoding components of the DNA replication pression patterns, increasing in abundance in one tissue
and repair machinery, as well as cell cycle regulators, while decreasing in another. There was no divergent
were significantly overrepresented in both CNS and regulation for any of the genes whose expression in-
wing disc, accounting for many of the transcripts that creased or decreased in multiple tissues (246 and 137
were shared between these tissues. No transcripts for genes, respectively), indicating that their products func-
these classes of molecules were enriched in larval mid- tion in common responses shared by the tissues as-
gut, salivary gland, or epidermis. These observations sayed. In the CNS there are only 30 transcripts that
are consistent with proliferation of cells in CNS and wing decrease expression during metamorphosis onset, and
imaginal disc, and the absence of cell division in the only eight of these are not decreased in at least one
three larval tissues at 18 hr BPF (Adler and MacQueen, other tissue. One of these eight transcripts encodes a
1984; Truman and Bate, 1988; Gatti and Baker, 1989). Drosophila insulin, DILP2, known to be expressed in 14
Transcription factors were significantly overrepresented CNS neurosecretory cells (Brogiolo et al., 2001), indicat-
in the wing disc, but even more so in the CNS, perhaps ing the sensitivity of our method. During the larval period,
representing the ongoing cell type differentiation in the animal undergoes a dramatic surge of growth that
ends at the onset of metamorphosis, and accordinglythese tissues during larval development (Figure 1D). By
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Figure 2. Tissue- and Organ-Specific Change of Gene Expression
(A) Numbers of genes with significantly increased or decreased transcripts in each tissue/organ from 18 hr BPF to puparium formation (PF).
(B) Venn diagram of the numbers of genes with significantly increased or decreased transcripts. Light blue or yellow color represents genes
with transcripts decreased or increased, respectively, in only one tissue. Dark blue or yellow color represents genes with transcripts that
decreased or increased, respectively, in at least two tissues.
dilp2 is downregulated. In the wing disc, seven of the identified a cluster of 28 genes (expression profile Pear-
son correlation coefficient  0.97) highly enriched in34 transcripts that show significant reduction encode
DNA replication or chromosome segregation factors salivary glands at 18 hr BPF and downregulated from
18 hr BPF to PF (Figure 3A). Among these 28, nine en-(Orc2, Mcm5, Mcm2, PCNA/mus209, mei-1794, pav,
and ncd; Pflumm, 2002). This observation is consistent code glue proteins that are secreted from the salivary
glands and that previously have been identified as com-with the sharp reduction of DNA replication in this tissue
at or near PF (Adler and MacQueen, 1984). In larval ponents of a gene battery. The total number and identi-
ties of the genes in this battery had not been determined.epidermis, we observed induction of genes that encode
enzymes responsible for the tanning and hardening of We selected the putative cis-regulatory regions 2,000
base pairs upstream of all genes in this cluster, and wethe pupal case. Transcripts from the pale, Ddc, Dat, and
ebony genes encode the four enzymes responsible for used the MEME algorithm (Bailey and Elkan, 1994) to
identify a sequence motif shared by 26 of the 28 genes;catalyzing the limiting biochemical steps that lead to
cuticle melanization and sclerotization (Stathakis et al., we also found this motif 1,305 base pairs downstream
of the predicted translational stop site in one of the two1999; Wright, 1987). These transcripts either increase in
abundance during the onset of metamorphosis or are remaining genes from this cluster (Figure 3B). This DNA
sequence motif corresponds exactly to the consensusalready enriched in the larval epidermis 18 hr after pu-
parium formation (APF; Supplemental Figure S2). We binding site for basic helix-loop-helix (bHLH) family tran-
scription factors (Figure 3B), and as such is likely to bealso note the expression patterns of genes with pre-
dicted but uncharacterized functions that could be rele- an important cis-regulatory control element for many of
these genes. MEME did not identify this motif in up-vant to tissue-specific events. For example, three neuro-
transmitter transporters are specifically downregulated stream regions of randomly selected sets of 26 genes
(data not shown). We also searched 2,000 bp 5 up-in the CNS; and several peptidases and serine protease
inhibitors (serpins) are induced in the wing imaginal disc, stream regions of all genes in the genome for this regula-
tory motif, allowing us to calculate the probability ofwhich unfolds in response to ecdysone in a process
known to require protease and serpin activities (Birr et finding 26 genes with this motif out of 28 randomly cho-
sen genes. This probability is less than 1.45 1015 (seeal., 1990). These results catalog the set of genes that are
differentially expressed during metamorphosis onset. Experimental Procedures). Previous studies have shown
that the tissue specificity of one member gene of thisWith this catalog in hand, we investigated whether such
data could be used to identify tissue-specific regulatory cluster, sgs4, depends on the presence of one of the
bHLH binding sites we identified by MEME analysisinteractions by focusing on two of the five tissues
further. (King-Jones et al., 1999), also indicating the functional
relevance of this motif. Two bHLH proteins, AP4 and
Daughterless (Da), bind to the bHLH cis-regulatory motifComputational Identification of a cis-Regulatory
Motif and Cognate Transcription Factor required for tissue-specific expression of sgs4 (King-
Jones et al., 1999). However, whereas these two proteinsin Salivary Glands
For each gene, cis-regulatory information determines are expressed in salivary glands, they are also ex-
pressed in many other tissues as well. Other factorsits temporal and spatial deployment as well as its levels
of expression. Coregulated genes that participate in the may exist that regulate this gene battery through this
shared bHLH cis-regulatory sequence motif.same biological process may share common sequence
elements and regulatory factors (such a set makes up Inspection of the cluster revealed the presence of a
single transcription factor-encoding gene, sage. sagea gene battery; see Davidson, 2001). Using hierarchical
clustering to examine together the tissue enrichment encodes a bHLH protein (Moore et al., 2000; shown in
bold in Figure 3A). Because no mutations exist in sage,and tissue-specific developmental expression data, we
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we used the double-stranded RNA interference (RNAi) cell types present in this organ are distinguishable by
size. The larval epithelial cells are large, with decon-technique to create sage loss of function. We used a P
densed polyploid nuclei (Figure 4A, arrows), and un-element transgene that produces an inducible transcript
dergo programmed cell death in response to ecdysonewith complementary sequences separated by a 30 bp
(Jiang et al., 1997). Embedded among the larval cellshairpin loop to produce double-stranded RNA (dsRNA)
are small diploid imaginal midgut cells, which proliferatefor sage RNAi in salivary glands (V. Chandrasekaran and
in response to the hormone (Figure 4A, arrowheads) toS. Beckendorf, personal communication). The dsRNA
form the adult epithelial cells. Additionally, the midguttransgene was induced in early third larval instar to de-
contains relatively small numbers of muscle, tracheal,plete sage transcripts, and salivary gland gene expres-
and endocrine cells (Filshie et al., 1971; Sehnal and Zit-sion was analyzed using microarrays at mid-third instar
nan, 1996).when sage transcript levels are normally high (18 hr
In total, transcripts from a surprisingly large fractionBPF). We repeated this experiment in triplicate.
of the genome, 30%, changed significantly during thesage itself showed the greatest degree of transcript
metamorphosis of the midgut (18 hr BPF to 12 hr APF).depletion (6.1-fold) in the entire genome, consistent with
Figure 4B shows the groupings of expression patternsits elimination by RNAi. sage transcripts were also con-
for 4,321 genes that we detected as differentially ex-firmed by RT-PCR to be reduced to levels at or below
pressed (annotated list in Supplemental Table S6; seethose to which it is repressed at the PF stage (Figures
Experimental Procedures). Broad classes of temporally3C and 3D). Genome wide, very few genes were affected
separable gene expression patterns are evident. Theseby sage RNAi. We identified 44 other genes that showed
classes include sets of transcripts that rapidly decreasean average decrease that ranged from 1.5-fold to 3.1-
coincident with onset of programmed cell death in thefold (Supplemental Table S4). Eight of these 44 genes are
larval cells, sets that are induced during early or latefound in the salivary gland glue gene battery, including
metamorphosis, and sets of transcripts expressed atsgs1, CG7587, ng1, ng2, sgs8, CG9040, CG13947, and
highest levels during the middle period of the timeCG13460 (Figure 3A, asterisk; Figure 3D). The distribu-
course when the larval cells are in the final stages oftion of these 44 genes in the genome is not random,
cell death and the adult cells are rearranging to formand in addition to the adjacent ng1 and ng2 glue genes
new tissue.at X chromosomal position 3C10, we observed three
Within these broad classes, we identified specific setsother physically clustered sets of genes affected by sage
of genes that have related functions and show parallelloss of function including seven glutathione transferase
expression, indicating that they make up gene batteries.genes at position 87B7, two proteins of unknown func-
Figure 4C shows six such examples, including coregu-tion at 21D2, and three defense/immunity genes at posi-
lated transcripts that encode proteins found in specifiction 63D1 (Supplemental Table S5). Furthermore, we
macromolecular complexes, biochemical pathways, or-found that two genes in the cluster were actually among
ganellar functions, and structural components of thethe 34 genes that showed higher expression (1.5-fold
cells that compose this tissue (gene names are shownto 3.8-fold) upon sage RNAi (Supplemental Table S5),
in Supplemental Figure S3). Transcripts encoding pro-and these two were ranked first (CG17362, 3.8-fold) and
teasome components increase during the ecdysonethird (CG11300, 2.1-fold) in the genome for increased
pulse that triggers the onset of cell death in larval cells.expression (Figure 3A, semi; Figure 3D). Thus, whereas
Transcripts encoding glycolytic enzymes rapidly de-sage loss of function has the expected effect for eight
creased during the initiation of metamorphosis, butgenes, for two others sage RNAi has the opposite effect,
gradually resumed expression as the imaginal cells pro-indicating that it is required to both induce and inhibit
liferated. Vacuolar ATPases showed a similar patternexpression of genes in the glue gene battery, dependent
as the glycolytic enzymes, whereas tubulin- and actin-on the target gene. This result combined with previous
encoding transcripts peaked during the intense period
results demonstrating the presence of other factors
of imaginal cell proliferation and migration as the adult
such as AP-4 and Da on the regulatory elements of at
midgut is formed. Transcripts encoding structural com-
least some of these genes (note sgs4 was not affected ponents of the peritrophic membrane of the mature lar-
by sage RNAi) indicates that there is redundancy in the val gut gradually decreased during its replacement with
regulation of this gene battery through the shared bHLH adult tissue. These results are consistent with our obser-
consensus DNA regulatory site we have identified. vations from whole animal studies that sets of genes
Nonetheless, in spite of the combinatorial and complex involved in the same biological processes are coex-
regulation of this gene battery, we were able to identify pressed during the life cycle (Arbeitman et al., 2002),
Sage as a candidate regulator of the battery by simply and show that the expression of a diverse set of gene
using a combination of clustering and DNA sequence batteries is integrated into the developmental program
alignment tools. of a particular tissue during its metamorphic transfor-
mation.
Analysis of the Gene Expression Patterns We also analyzed the expression patterns of regula-
in the Midgut during Its Complete tory genes known to be involved in the ecdysone tran-
Metamorphic Transformation scriptional hierarchy predicted to control the gene bat-
We selected one tissue, the midgut, to assay during its teries we identified, and examined the expression of
complete metamorphosis, which occurs from 18 hr BPF genes with known roles in programmed cell death or
to 12 hr APF. During this 30 hr period, we analyzed 11 cell cycle control. The expression of known ecdysone-
time points as the larval midgut is destroyed and re- responsive regulatory genes was consistent with previ-
ous observations in midgut, or from whole animals orplaced with the adult midgut (Figure 4A). The two major
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Figure 3. Identification of cis-Regulatory Elements and a Transcription Factor Associated with a Salivary Gland Gene Battery
(A) Transcripts from 28 genes were enriched only in the salivary glands at the late third larval stage (18 hr before puparium formation; BPF)
and sharply downregulated coincident with the ecdysone pulse from 18 hr BPF to puparium formation (PF). Columns 1–5, tissue enrichment;
columns 6–10, tissue-specific change from 18 hr BPF to PF. Yellow, high expression relative to reference; blue, low expression relative to
reference. Gray, missing data.
(B) Shared cis-regulatory motif. The cis-regulatory motif was identified in the regions 2,000 base pairs upstream of 26 genes using the MEME
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other tissues (Andres et al., 1993; Thummel, 1996; Figure through EcR. Thus, a very large proportion of the genes
that are developmentally regulated at the initiation of4D). Although the larval midgut is composed of cell types
that undergo divergent responses to ecdysone—apo- metamorphosis in this organ are under the control of the
transcription factors that mediate the ecdysone signal.ptosis and cell proliferation—we were nonetheless able
to detect significant changes in transcript levels from However, it does not appear that EcR function is a gen-
eral requirement for transcription, because a significantgenes encoding proteins involved in both processes.
The apoptosis activator gene ark was expressed at 4 hr fraction of differentially expressed genes are unaffected
in EcR mutant tissue.BPF (Figure 4E). E93 and reaper, which encode proteins
that serve as critical control points in the commitment Of the several different classes of genes expressed
during midgut metamorphosis, we found that the regula-to programmed cell death, were expressed at PF as
previously reported (Baehrecke and Thummel, 1995; Lee tion of all genes in the proteasome, tubulin/actin, and
lysozyme clusters required EcR to exhibit their normalet al., 2002), as was the initiator caspase dronc (Figure
4E). We compared these midgut expression profiles to changes in developmental expression. However, many
genes in the v-ATPase cluster and nearly half the genesthose reported for salivary glands at and after 10 hr APF
(Jiang et al., 2000; Lee et al., 2000), when a prepupal in the peritrophin cluster did not require EcR (Supple-
mental Figures S3A–S3E). The downregulation of hexo-pulse of ecdysone triggers apoptosis in that tissue, and
found that almost the entire genetic cascade is similarly kinase A, 6-phosphofructokinase, and pyruvate kinase
genes in the glycolysis pathway were affected in theactivated in salivary glands and midgut albeit at two
distinct periods of development. However, one notable EcR mutants, while many others in this pathway were
not (Supplemental Figure S3F). Hexokinase A, 6-phos-difference was observed at the top level of the cascade.
In the salivary gland, E93 is activated byFTZ-F1 (Wood- phofructokinase, and pyruvate kinase are rate-control-
ling enzymes in the glycolytic pathway, indicating thatard et al., 1994), whereas in the midgut the FTZ-F1
gene is not induced until 6–8 hr after E93 is induced their ecdysone dependence is functionally significant.
The expression of the numerous known ecdysone re-(Figure 4E). The regulation of E93 therefore does not
depend on FTZ-F1 in the midgut, but must rely on ceptor target genes such as E75, E74, broad, E23, and
DHR3 required EcR as expected. Figures 5A–5C showanother as yet unidentified factor(s). During midgut
metamorphosis, we also observed developmental mod- the wild-type and EcR mutant expression patterns for
examples of transcription factor genes in the ecdysoneulation of transcript levels for genes encoding DNA poly-
merases, cyclins, CDCs, and other cell cycle regulators, regulatory network. The induction dynamics for the E74
and DHR3 transcription factor genes is as expected, asas well as genes encoding DNA repair proteins such as
Hus1 (Dean et al., 1998), Rad23 (Nabirochkina et al., is their dependence on EcR (Figures 5A and 5B). In
contrast to E74 and DHR3, DHR78 has previously been1999), and PCNA/Mus209 (Yamaguchi et al., 1990) (Fig-
ure 4F). described to reside upstream of EcR at the top of the
ecdysone regulatory hierarchy; the expression of EcR
is dependent on the wild-type function of DHR78 (FiskGene Expression in EcR Mutant Midguts
We wished to determine which of the genes that are and Thummel, 1998). However, DHR78 can also be in-
duced by ecdysone in organ culture (Fisk and Thummel,differentially expressed at the onset of midgut metamor-
phosis require ecdysone signaling. We removed ecdy- 1995). Our results demonstrate that DHR78 wild-type
induction is indeed dependent on EcR function (Figuresone-dependent transcriptional activity using mutant
Ecdysone Receptor (EcR) alleles (Bender et al., 1997), 5C). Taken together, these data indicate a positive feed-
back loop between EcR and DHR78 during the onset ofrescuing null EcR mutants to the third larval instar by
using a heat shock-inducible EcR transgene (Li and Ben- metamorphosis in the midgut.
Genes encoding factors involved in cell cycle andder, 2000). We examined gene expression in mutant
midguts that were isolated from mutant animals arrested growth control, and in DNA repair, are also under the
control of EcR (Figures 5D–5H). In spite of the role ofat the end of the third larval stage (stage 2a mutants;
Li and Bender, 2000). We found that 376 (76%) of the ecdysone in stimulating cell proliferation during meta-
morphosis, no cell cycle genes have previously been495 genes (Supplemental Tables S7 and S8) that are
significantly induced during the onset of midgut meta- linked to the ecdysone regulatory hierarchy. We ob-
served that the induction of the cell cycle regulatorymorphosis (18 hr BPF to 2 hr APF) required EcR function,
whereas 296 (64%) of 460 transcripts (Supplemental genes CyclinB, cdc2, and CyclinD were all dependent
on EcR function (Figures 5D–5F). The rapid induction ofTables S9 and S10) that decline significantly in level
during this time period require ecdysone signaling cdc2 during the late third instar ecdysone pulse is similar
algorithm (Bailey and Elkan, 1994). This motif is also identified starting at the 1305th base pair downstream of CG13947.
(C) RT-PCR confirmation of sage downregulation by RNAi. RT-PCR templates used were RNA samples from salivary glands after sage RNAi
(sage RNAi, column 1), similarly treated salivary glands without the sage RNAi transgene (RNAi control, column 2), controls with no reverse
transcription step (no RT, column 3), or with no template (column 4), RNA and DNA mixture from salivary glands of wild-type (WT) Canton-S
strain animals at PF (column 5) and 18 hr BPF stage (column 6), and genomic DNA (column 7). RT-PCR product of sage is 919 bp, while sage
PCR product from genomic DNA is 980 bp, containing a 61 bp intron. RT-PCR product of an internal control gene CG17489 (encoding
ribosomal protein L18P/L5E) is 791 bp, while CG17489 PCR product from genomic DNA is 1344 bp, containing a 553 bp intron.
(D) Decreased expression of genes in the salivary cluster. Nine out of the 28 genes in the cluster are among the top 45 decreased genes in
the genome upon sage RNAi, while two of the 28 genes are among the top three increased genes. Error bars, one standard error. The reduction
(positive number) or induction (negative number) rankings genome wide are shown.
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Figure 4. Metamorphosis of the Midgut
(A) DAPI (showing DNA) and rhodamin-phalloidin (showing actin) staining of the midgut at time points as labeled (BPF, before puparium
formation; PF, puparium formation; APF, after puparium formation). The larval polyploid cells (arrows) undergo programmed cell death while
the small diploid imaginal cells (arrowheads) undergo cell proliferation and migration during metamorphosis.
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to that observed for direct targets of EcR. The CyclinD and cubitus interruptus) changed significantly as well
(Figure 6A).gene is also induced at this time, but its maximal induc-
tion occurs several hours after that observed for cdc2. To determine whether any of the genes in these path-
ways are expressed as a consequence of ecdysoneCyclin D promotes cellular growth (Datar et al., 2000;
Meyer et al., 2000), whereas Cyclin B/Cdc2 controls signaling, we examined the EcR mutant expression data
for those genes that were induced during the late thirdG2/M transitions in proliferative cells (Lehner and O’Far-
rell, 1990; Whitfield et al., 1990). The dependence of instar ecdysone pulse. The induction of zeste white-3/
shaggy, keren/spitz2, kuzbanian, and hedgehog were allthese three genes on EcR function indicates that ecdy-
sone may control cell proliferation, at least in part, dependent on the presence of functional EcR (Figures
6B and 6C). The induction dynamics of the EGFR ligandthrough their regulation. Coordinate with the induction
of CyclinB, cdc2, and CyclinD, we observed the induc- gene keren/spitz2, the Notch proteolytic activation fac-
tor gene kuzbanian, and the shaggy/zeste white-3 kinasetion of DNA polymerase-delta and DNA repair genes
such as Rad23 (Nabirochkina et al., 1999), Hus1 (Dean gene are similar to genes that are known direct targets
of ecdysone signaling (Figure 6B). The induction ofet al., 1998), and PCNA/mus209 (Yamaguchi et al., 1990).
The induction of these DNA repair and synthesis genes hedgehog follows a secondary response pattern, as do
genes from the E(spl) complex that are induced in re-is also EcR dependent (Figures 5G and 5H, and data
not shown). The expression changes of these genes sponse to Notch activation (Artavanis-Tsakonas et al.,
1999), although these induction kinetics are also consis-may be the result of the direct action of EcR, or due to
the action of factors directly controlled by the ecdysone tent with these genes being partially activated directly
by the ecdysone receptor and partially with other factorsreceptor complex. It is unlikely that the increase in ex-
pression of these genes is simply due to increased num- (i.e., they may be “early-late” genes; Thummel, 1996).
These data show that the regulatory network controlledbers of proliferative cells because the total number of
divisions between 18 hr BPF and PF are few, and not by ecdysone in midguts includes the activation of known
components of the Wnt, EGFR, Hedgehog, and Notchall cell cycle or DNA repair genes showed an increase
in expression at the initiation of metamorphosis (Figure pathways. Notably, ligand production for the EGF,
Hedgehog, TGF/BMP, and Notch pathways is under4F). For example, the level of CyclinJ, which is known
to be required during early embryonic division cycles control of ecdysone. The specific roles that each of
these pathways plays during metamorphosis are cur-(Kolonin and Finley, 2000), is actually reduced in expres-
sion from 18 hr BPF to PF (Figure 5I). When we examined rently unknown. Our results nonetheless indicate new
connections between ecdysone signaling and the activ-the expression of cell death genes in EcR mutant tissue,
we observed that E93 induction as well as induction of ity of several other signaling pathways during the meta-
morphosis of this organ, either through direct targetingthe Ark caspase activator and the dronc caspase gene
required wild-type function of EcR, as expected (data of the ecdysone receptor or through the actions of
downstream factors.not shown).
Genes from Multiple Signal Transduction Discussion
Pathways Show Ecdysone-Dependent
Induction during Midgut Metamorphosis After the initial determination of the complete DNA se-
quence of an organism, a primary goal of genome re-Factors in several well-studied signaling pathways are
induced during midgut metamorphosis (Figure 6A). search is functional analysis of that sequence (Collins
et al., 2003). For multicellular organisms, this challengeThese include Wnt (dishevelled, armadillo, and zeste
white 3), TGF/BMP (sara, daughters against dpp, and includes the use of the genome sequence to rapidly
characterize the molecular processes that result in de-glass bottom boat), EGFR (torpedo/egfr, rhomboid/vein-
let, vein, and keren/spitz2), and Notch pathway genes velopment. A natural place to begin the systematic study
of the networks controlling a developmental process is(delta, kuzbanian, suppressor of hairless, E(spl)malpha,
and E(spl)m). All of these pathways are used during the summary of gene activities in the individual tissues
and cell types involved. Here we found that each differ-embryonic midgut development (Steitz et al., 1998;
Szuts et al., 1998; Wharton et al., 1999; Hartenstein et entiated tissue we examined contains hundreds of en-
riched or specifically expressed genes, and that geneal., 1992), and these data indicate they are reused during
midgut metamorphosis. We found that genes in the expression changed dramatically during metamorpho-
sis onset for larval-specific tissues but less so for tissuesHedgehog signaling pathway (hedgehog, smoothened,
(B) The expression profiles of 4,321 genes whose transcript levels changed significantly. Yellow, high levels of expression in midgut relative
to a reference sample; blue, low expression relative to reference; black, equal expression levels. Gray, missing data.
(C) The expression of gene batteries that encode the proteasome, tubulins/actin, lysozymes, peritrophins, glycolysis components, and vacuolar
ATPases (shown on a log2 scale). Gray lines show the expression profiles of individual genes; red lines show the average of all genes in each
battery.
(D) The expression of known ecdysone-responsive genes. The transcript levels of EcR peaked at 4 hr BPF, with those of ecdysone early
responsive genes such as E74 peaking at a similar time or immediately after.
(E) The expression of genes involved in programmed cell death.
(F) The expression of genes encoding cell cycle regulators, DNA polymerase, and DNA repair proteins. The genes shown here displayed
elevated transcript levels during the period of rapid cell division in the imaginal cells.
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Figure 5. The Expression of Ecdysone-Regulated Transcription Factors, Cell Cycle and Growth Control Genes, and DNA Repair Genes in the
EcR Mutant Midgut
The expression levels in the EcR mutant are indicated, as are wild-type expression levels at stages from 18 hr BPF to 2 hr APF (18BPF, 4BPF,
PF, and 2APF). Error bars, one standard error. All data shown are statistically significant (p  0.01) and at least 2-fold induced at the onset
of metamorphosis from 18 hr BPF to 4 hr BPF, PF, or 2 hr APF (detailed in Experimental Procedures).
(A) E74 (we assayed the common region shared by E74A and E74B transcript isoforms).
(B) DHR3.
(C) DHR78.
(D) cyclinD.
(E) cyclinB.
(F) cdc2.
(G) DNA polymerase delta.
(H) PCNA.
(I) cyclinJ.
that survive into adulthood. Comparisons of regulated gene battery. sage is the only bHLH transcription factor-
encoding gene in the genome to show expression coin-genes among different tissues revealed that the majority
of gene expression change during metamorphosis onset cident with the regulation of this gene battery. However,
it is essential for some of the genes in this battery butis tissue specific. These results provide an initial ge-
nome-wide catalog of genes expressed in these tissues, dispensable for others. Thus, sage function with respect
to this entire gene battery is likely complemented byand a first examination of the tissue-specific gene ex-
pression changes that occur during metamorphosis. factors that serve redundant functions, and may be
achieved in part by the presence of other bHLH proteinsHowever, cataloging and describing gene activities
during development should be regarded as only a first that are expressed in the salivary glands. Of course,
tissue-specific expression of any given battery of genesstep, associating batteries of genes with specific devel-
opmental events. Such comprehensive data sets also is expected to involve a variety of transcription factors
and cis-regulatory elements. Nonetheless, we were ablehave the potential for identifying new regulatory connec-
tions in complex networks that lead to developmental to computationally predict a key regulatory motif de
novo while simultaneously identifying a new transcrip-change. Systematic analysis of the developmental net-
works encoded in metazoan genomes will require using tion factor that is required for regulating many of these
genes. These results indicate that with the appropriatecomplementary experimental and computational meth-
ods, as illustrated by our analysis of the salivary glue data sets, the complex genomes of higher eukaryotes
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Figure 6. Connections between the Ecdysone Regulatory Network and Other Signal Transduction Pathways
(A) Expression patterns of genes in the Wnt, TGF, EGF, VEGF, Notch, and Hedgehog pathways.
(B) EcR is required for the induction of signaling components in the Wnt, EGF, Notch, and Hedgehog pathways. Data display and abbreviations
are similar as those in Figure 5.
(C) Data validation using RT-PCR for genes shown in (B). CG17489 (encoding ribosomal protein L18P/L5E) is an internal control gene.
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the repeated time courses. We only considered those genes withmight be systematically analyzed to find cis-regulatory
time course measurements that showed a p value 0.05 for pairwisesequences associated with specific expression patterns
Pearson correlation between three sets of samples (11 time pointsshared by sets of coregulated genes. Direct functional
per set). Second, a one-way ANOVA test (between time points) was
analysis, such as the RNAi method we have employed in performed (Sokal and Rohlf, 1995). 4,321 of 13,061 genes passed
this case, of newly hypothesized regulatory connections both tests at p  0.05. We also determined the numbers of genes
using more conservative criteria, with the ANOVA cutoff set to 0.01will be essential to validate inferences from such studies.
(3,545 genes), 0.001 (2,504 genes), and 0.0001 (1,770 genes). All hierar-Whole animal studies using time course data from
chical clustering in our analyses was performed with Gene Clusterlarge numbers of DNA microarray experiments have
software (Eisen et al., 1998; http://rana.lbl.gov/EisenSoftware.htm)been useful for identifying portions of gene batteries in
and/or the software of Bar-Joseph (Bar-Joseph et al., 2001). Addi-
Drosophila (Arbeitman et al., 2002). However, assigning tional information on the microarray data analysis is available in
these batteries to specific developmental events is diffi- Supplemental Data at http://www.developmentalcell.com/cgi/
content/full/5/1/59/DC1 and at http://flygenome.yale.edu/cult from whole animal data summed over many tissues
TissueMetamorphosis.at many developmental stages. Here we employed the
strategy of expression profiling a dense sampling of
Statistical Significance of Salivary Glue Gene Batterytime points during development, analyzing the complete
cis-Regulatory Motif
metamorphosis of one tissue—the midgut. This analysis After identification of the bHLH cis-regulatory motif using the MEME
allowed us to identify more complete batteries of genes algorithm with the 2,000 bp upstream regions of all 28 genes in the
and provided a developmental context for their induc- glue gene cluster/battery, we examined how common this motif is
in the genome, and the probability of finding it randomly the numbertion or repression. Furthermore, these data led to the
of times we observed (26) in the upstream regulatory regions of 28identification of several new connections between ecdy-
genes. We considered two extreme possibilities: first, the conditionsone signaling and regulatory factors involved in known
whereby any combination of nucleotides found in the 26 binding
pathways, including ecdysone-regulated induction of sites (degenerated consensus) could suffice as a motif. Second, the
genes involved in cell cycle, Notch, Hedgehog, EGF, condition whereby only the actual sites we identified could act as
and Wnt signaling. Collectively, our results reveal hun- a motif. We then scanned the genome, searching the 2,000 bp
upstream of each predicted gene in the genome for motifs underdreds of genes involved in tissue-specific responses to
either the first or the second condition. 2,979 genes (21.8% genomeecdysone during metamorphosis, considerably extend-
wide) have the motif under the first condition, and 600 genes (4.4%ing the list of known regulatory components under ecdy-
genome wide) have the motif under the second condition. Given
sone control and providing a base upon which to build these frequencies, the probability of finding 26 of 28 genes with the
a better understanding of ecdysone-regulated genomic motif at random in their 2 Kb upstream sequence is obtained using
networks.
a conditional, binomial probability p 
N!
r!(N  r)!
prqNr; where N is
the number of genes in the cluster, r is the number of genes withExperimental Procedures
the observed motif, p is the proportion of genes in the genome that
have the observed site within 2 Kb 5 of their translational start site,Construction of Drosophila DNA Microarrays
and q  1  p. For any combination to suffice as a motif (2,979Genes are represented by PCR amplicons from genomic DNA (from
genes of 13,636, using unweighted consensus to scan the genome),Drosophila melanogaster strain y1; cn1 bw1 sp1). We used gene-
we calculate,specific primers based on 13,061 predicted or known genes. Ampli-
cons (size range 200–500 bp) were designed with biases favoring
3 coding sequence, EST hit(s), and unique sequence in genome p(26 of 28 genes)condition 1 
28!
26!(28  26)!
0.218260.7822826 
(T.-R.L., T. Jones, N. Hansen, R.W. Davis, and K.P.W., unpublished).
The primer and amplicon sequences are provided in Supplemental 1.45  1015
Table S11. DNA fragments were spotted on polylysine-coated glass
slides using an OmniGrid microarrayer (GeneMachines). For only observed motifs to be acceptable (600 genes of 13,636,
using only found sites to scan the genome), we calculate
RNA Sample Preparation
Each tissue was hand dissected from at least 12 individual animals. p(26 of 28 genes)condition 2 
28!
26!(28  26)!
0.044260.9562826 
Epidermis samples included attached cuticle and muscle. Animal
staging was as previously described (Andres and Thummel, 1994). 1.85  1033
Total RNA was extracted using TRIzol (Invitrogen), and 2 g of total
RNA from each sample was amplified with T7 RNA polymerase using Taking these two extreme situations as reasonable limits, we con-
a one-round linear amplification protocol (Baugh et al., 2001). clude that for randomly chosen gene sets of 28 genes, the probability
of obtaining this motif 26 times in their 2 Kb upstream regions is
between 1.45  1015 and 1.85  1033.Microarray Experimental Procedure and Statistical
Analysis of Microarray Data
Microarray measurements were normalized using GenePix Pro mi- RNA Interference of sage
For sage RNAi samples, virgin female flies of strain w*;croarray analysis software (Axon Instruments). Genes were desig-
nated as tissue enriched or changed significantly from 18 hr BPF P{w	mCGAL4-Hsp70.PB}89-2-1/P{w	mCGAL4-Hsp70.PB}89-2-1
(homozygous at the third chromosome; Bloomington Stock Centerto PF if their measurements were greater than 3-fold on average in
at least two replicates or if their measurements were greater than stock number 1799) were crossed to males of strain w1118; 	/	;
sageRNAi2/sageRNAi2 (sage hairpin sequence under the control of2-fold on average with p 0.05 (Student’s t test). To examine midgut
gene expression during a time course of its complete metamorpho- a UAS promoter; V. Chandrasekaran and S. Beckendorf, unpub-
lished). As a mock RNAi control, female flies of strain w*;sis, three sample sets were analyzed, each with 11 samples taken
at time points as follows: 18 hr BPF, 4 hr BPF, PF, 2 hr APF, 3 hr P{w	mCGAL4-Hsp70.PB}89-2-1/P{w	mCGAL4-Hsp70.PB}89-2-1
were crossed to w1118 males. Larvae at the third larval stage wereAPF, 4 hr APF, 5 hr APF, 6 hr APF, 8 hr APF, 10 hr APF, and 12 hr
APF. A mixture of these samples was used as common reference heat-shocked at 37
C for 70 min. Approximately 20 hr later, salivary
glands from larvae staged at approximately 18 hr before pupariumfor all microarray hybridizations. Genes were designated as signifi-
cantly changed if their measurements passed two independent formation were dissected for RNA extraction. Animal staging was
as described (Andres and Thummel, 1994). Samples from RNAi andtests. First, we selected genes that behaved consistently among
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control experiments were collected in triplicate with nine or ten pairs Bailey, T.L., and Elkan, C. (1994). Fitting a mixture model by expecta-
tion maximization to discover motifs in biopolymers. Proc. Int. Conf.of salivary glands per sample. Total RNA samples were extracted
using TRIzol (Invitrogen), and then were processed and hybridized Intell. Syst. Mol. Biol. 2, 28–36.
directly on microarrays. Bar-Joseph, Z., Gifford, D.K., and Jaakkola, T.S. (2001). Fast optimal
leaf ordering for hierarchical clustering. Bioinformatics 17, S22–S29.
Data Access Baugh, L.R., Hill, A.A., Brown, E.L., and Hunter, C.P. (2001). Quantita-
Data are also deposited in the NCBI Gene Expression Omnibus tive analysis of mRNA amplification by in vitro transcription. Nucleic
(GEO) database (http://www.ncbi.nlm.nih.gov/geo). GEO access Acids Res. 29, E29.
numbers and data are available at http://flygenome.yale.edu/ Bender, M., Imam, F.B., Talbot, W.S., Ganetzky, B., and Hogness,
TissueMetamorphosis. D.S. (1997). Drosophila ecdysone receptor mutations reveal func-
tional differences among receptor isoforms. Cell 91, 777–788.
Supplemental Methods Birr, C.A., Fristrom, D., King, D.S., and Fristrom, J.W. (1990). Ecdy-
Methods on analysis of EcR mutant midguts and RT-PCR is available sone-dependent proteolysis of an apical surface glycoprotein may
in Supplemental Data at http://www.developmentalcell.com/ play a role in imaginal disc morphogenesis in Drosophila. Develop-
cgi/content/full/5/1/59/DC1 and at http://flygenome.yale.edu/ ment 110, 239–248.
TissueMetamorphosis.
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